In models with universal extra dimensions (UED), the lightest Kaluza-Klein excitation of neutral electroweak gauge bosons is a stable, weakly interacting massive particle and thus is a candidate for dark matter thanks to Kaluza-Klein parity. We examine concrete model realizations of such dark matter in the context of non-minimal UED extensions. The boundary localized kinetic terms for the electroweak gauge bosons lead to a non-trivial mixing among the first Kaluza-Klein excitations of the SU(2) W and U(1) Y gauge bosons and the resultant low energy phenomenology is rich. We investigate implications of various experiments including low energy electroweak precision measurements, direct and indirect detection of dark matter particles and direct collider searches at the LHC. Notably, we show that the electroweak Kaluza-Klein dark matter can be as heavy as 2.4 TeV, which is significantly higher than 1.3 TeV as is indicated as an upper bound in the minimal UED model.
Introduction
Arguably the most attractive dark matter (DM) candidate in particle physics would be a weakly interacting massive particle (WIMP) thanks to the "WIMP miracle". The relic abundance of WIMPs at the weak energy scale lies in the right range to explain the observed dark matter abundance in the Universe: with the thermal averaged self-annihilation cross section in a typical range, σv 1 pb, the observed amount of DM density is naturally accounted as
where Ω DM = ρ DM /ρ c is the relic density of the WIMP in the unit of the critical density, ρ c = 3H 2 0 /8πG, with the Hubble constant H 0 = 100 h km s −1 Mpc −1 and the gravitational constant G 6.67 × 10 −11 m 3 kg −1 s −1 . The recent measurement by Planck gives h 0.68 [1] 1 . A disadvantageous aspect of the WIMP miracle, however, is that one cannot learn the detailed nature of the WIMP solely from the DM amount because WIMP candidates in a wide mass range with different spins and different interaction patterns still provide essentially 1 The local value of the Hubble constant recently updated by observations of Cepheid variables is a bit higher, h 0.73 [2] , which may be understood with new relativistic degrees of freedom [3] . the same predictions. To overcome this "degeneracy problem", one has to rely on complementary approaches by measuring various properties of DM relying on direct and indirect detection experiments as well as collider experiments. A promising DM candidate is found in the minimal supersymmetric extension of the SM (MSSM) where the lightest supersymmetric particle (neutralino in a wide range of model parameters) is a WIMP candidate. In general, a neutralino is composed of electroweakinos and also higgsinos [4] . The stability of the neutralino is guaranteed by R-parity. Not so surprisingly, when the mass of the neutralino is assumed to be at the weak scale, as is required to address the hierarchy problem, the corresponding thermal relic abundance is in the right range due to the WIMP miracle. However, the full properties of DM sensitively depends on the detailed composition of the neutralino. Depending on the dominant neutralino component DM is Higgsino-like, photino-like or Zino (W 3 -ino)-like. Generically, all components can be present, making SUSY DM phenomenology very rich.
In this paper we examine an alternative attractive candidate, Kaluza-Klein (KK) DM, in flat extra dimensions. A minimal KK DM has been discussed in universal extra dimension (UED) models [5] based on a TeV scale extra dimension [6] where the entire standard model (SM) particle content is assumed to be realized as the zero KK modes of scalar, fermion, and gauge fields (with the SM field quantum numbers) which propagate on a space-time M 4 × X, where M 4 is 4-dimensional Minkowski space and X is a compact flat space of extra dimension(s). In 4+1 dimensions, chiral zero mode fermions can be obtained when the extra dimensional space is taken to be the orbifold S 1 /Z 2 (or equivalently the interval [−L, L] where L = πR/2 with the compactification radius R) which we focus on in this article. 2 In UED, all the SM fields are accompanied by their KK excitations with a mass gap of the order of the inverse compactification radius 1/R. One of the attractive features of UED is KK parity conservation. KK parity is the reflection symmetry about the mid point of the extra dimension. It represents a geometric Z 2 symmetry which is stable against quantum corrections and is thereby conserved if imposed at tree level [7, 8] . KK parity protects the lightest KK particle (LKP) from decay [9] [10] [11] [12] [13] . In minimal UED (MUED) [8] , the first KK excitation of the photon 3 with a mass M 1 = 1/R is the LKP. 4 The phenomenology of KK DM [19] [20] [21] [22] [23] becomes much richer when bulk mass terms for fermions [24] [25] [26] [27] [28] [29] and the boundary localized kinetic terms (BLKTs) [30] [31] [32] are allowed as in non-minimal UED (NMUED) [33] [34] [35] [36] [37] [38] [39] [40] [41] . We note that the boundary localized terms and the bulk mass terms are compatible with the Lorentz symmetry and the gauge symmetries of the model so that such terms should be included in the generic effective field theory action [34] . 2 Fermions on M4 × S1 are vectorlike. However by orbifolding, half of the spinor degrees of freedom are projected out due to the boundary conditions imposed at the orbifold fixed points which results in a chiral zero mode for each fermion field after KK decomposition. 3 Actually the LKP photon (γ (1) ) is very close to the KK excitation of the hypercharge gauge boson (B (1) ), because the weak mixing angle for the KK states are suppressed by a small factor (m 2 W /m 2 KK ) 1 [8] . 4 See Refs. [14, 15] for reviews on universal extra dimensions as well as Refs. [16] [17] [18] for the most recent LHC bounds on MUED.
The presence of BLKTs for electroweak gauge bosons modifies the composition of the LKP, which appears as a mixture of KK excitations of the hyper-charge gauge boson, B (1) and the neutral component of the weak gauge boson W (1) 3 [34] . This is different from MSSM, since no KK Higgs component is involved due to different spin of the KK partners of the KK Higgs as compared to KK gauge bosons. Several studies have considered the KK photon and the KK Z boson LKP separately as DM candidates [42] [43] [44] [45] . Here, we consider generic mixing in electroweak KK DM sector and study various phenomenological aspects of KK DM in a more general framework of NMUED 5 . In MUED all the BLKTs are chosen to vanish at the cutoff scale and quantities at electroweak scale are obtained by renormalization group equations. In this article, we take the BLKTs as free parameters at the compactification scale instead. As a result, mixings and mass spectra are modified as compared to MUED.
This article is structured as follows: In section 2, we present the model of electroweak boson KK DM allowing BLKTs in NMUED and examine KK spectra and mixings among KK states. In section 3, we discuss current collider and precision measurement bounds on the given setup focusing on the effects of allowed four-Fermi operators, as well as collider constraints from the LHC. In section 4, we study the impact of BLKTs on the relic abundance of electroweak KK DM and on the direct detection rates taking the latest bounds into account. Finally, we conclude in section 5.
The Setup
In this section we set up the model Lagrangian and discuss the KK decomposition of the electroweak KK bosons in the presence of BLKTs. We focus on mixings among KK weak gauge bosons. We will follow notations as in a recent review, Ref. [37] .
Model Lagrangian
When we embed the SM in a five dimensional space M 4 × [−L, L], the UED action is given in the following form:
where y = ±L are the orbifold fixed points, which are the boundaries of the fifth dimension. The kinetic energy of the gauge bosons and fermions propagating in 5D bulk are L V and L Ψ . The Lagrangian for the Higgs boson and the Yukawa interactions with fermions are L H and 5 In this article we focus on DM in 5D models compactified on S1/Z2. For DM in different compactifications and its phenomenology, see Refs. [46] [47] [48] [49] [50] [51] [52] [53] [54] .
L Yuk , respectively. The explicit form of each term is given as follows: 5) where A denotes the five dimensional gauge bosons in the SM gauge group, i.e., the gluon (G), weak gauge bosons (W ) and the hypercharge gauge boson (B). 
is the n-th KK excitation mode with left-(right-) chirality, respectively and f n L/R (y) is the corresponding KK basis function in the fifth dimension. The model is 5D Lorentz symmetric and the SM gauge symmetries are assumed as the internal symmetries. One should notice that the constructed Lagrangian is invariant under the inversion (y → −y), such that the model respects the Kaluza-Klein parity (KK-parity). From the kinetic terms one can read out the mass dimensions of the fields and the coupling constants: Notably, the 4D spacetime symmetry and the gauge symmetries of the model allow additional boundary localized operators. Even if the absence of such operators is assumed at tree level, they are induced by radiative corrections [7, 8] , which shows that these operators cannot be forbidden by an underlying symmetry and their coefficients should thus be considered as additional parameters of the model which can only be calculated from the (so far unknown) UV completion of the model. If the UV completion respects KK-parity, the boundary terms on the two orbifold fixed points are related. 6 In this article, we focus on the boundary localized terms for the electroweak gauge bosons respecting the KK-parity, the lightest combination of which would serve as dark matter: The boundary localized terms modify the KK mass spectra and the KK wave functions of the electroweak gauge bosons, as will be worked out in detail in the next section. This in turn has important implications for the dark matter phenomenology: (i) Due to the modified masses of the electroweak gauge bosons at the first KK level, the UED dark matter candidate now becomes a linear combination of the B (1) and the W 3(1) with the mixing angles determined by r W , r B , and R −1 , (ii) due to the modified wave functions, the couplings amongst the electroweak gauge bosons and the fermions (which follow from the overlap integrals of wave functions) are modified. Therefore the parameter space (r W , r B , R −1 ) will be constrained by various tests such as electroweak precision measurement and collider searches.
In this article, we only focus on the boundary terms for electroweak gauge bosons. Therefore, our results by no means cover the entire NMUED parameter space, but rather show the main effects of changing the LKP from a B (1) to a W 3(1) dark matter candidate, and its correlated implications for collider searches and precision bounds.
Kaluza Klein decomposition
KK masses and wave functions for the KK fermions, the KK gluon and the KK Higgs are given by the standard UED results (no boundary terms for these) 8) where f e denote the KK wave functions of the
and f o denote the KK wave functions of the Z 2 odd fields For the electroweak gauge bosons the boundary kinetic terms modify the wave functions. The KK decomposition of electroweak gauge bosons in the presence of boundary kinetic terms have been performed in Ref. [34] . Treating electroweak symmetry breaking as a perturbation, the gauge fields are decomposed as
where 11) with the normalization factors
The wave numbers k n are determined by
Furthermore the wave functions satisfy the orthogonality relations
, which is consistent with our normalization conditions. Finally, the effective 4D action of the electroweak gauge bosons is obtained after integrating over y: are not orthogonal in our basis as they are orthogonal with respect to the scalar product as in Eq. (2.14) which includes the boundary parameters. The electroweak symmetry breaking terms having v 2 thus induce KK-mode-mixing in the basis we are using. Note that KK parity is still conserved so that even and odd modes do not mix.
We can separately analyze the mass matrices for KK even modes and odd modes. The matrix for even modes is relevant for tree level modifications of zero mode couplings as well as the couplings of the zero modes and the second (and higher even) KK modes. These are particularly important in Z -like new gauge boson searches since the production and decay of Z = Z 2 would be decided by the matrix. It is also important to consider 4-fermion operators among zero mode fermions, which are induced by even KK mode exchange. They can be probed by precision measurements, which will be analyzed in section 3. The mass matrix for KK odd modes is particularly relevant for the DM physics since the nature and the structure of the couplings of the LKP (the lightest odd mode) is determined by the mass matrix.
Mass matrices and mixing angles of KK gauge bosons
The mass matrix of the even-numbered neutral mass matrix in the B (2n) -W 3(2n) basis reads
. . .
We can further simplify the mass matrix by using the fact that the zero mode wave functions are flat. First, let us define 18) and the "normalized" and dimensionless overlap integrals
Then the mass matrix can be rewritten as
BB 02
BB 20
BB 22
Now, performing a field rotation on the zero modes
with tan θ = g 1 /g 2 , one obtains
BW 02
In this basis, the masslessness of the photon is explicitly seen. As it is a linear combination of B (0) and W
3 , both of which in this basis have flat wave functions, the photon wave function is also flat as expected for a massless particle. At the same time we see that the zero mode of Z (and W as well) mixes with the even KK modes of the B and the W 3 in general.
In our phenomenological study for dark matter physics, the most relevant mass matrix is the mass matrix for the first KK excitation of neutral gauge bosons. The lightest odd state would be the candidate of the DM:
(2.23)
In the limit of vanishing boundary terms, F V V nn approaches the unity (F V V nn → 1 for r W → 0 and r B → 0). In addition to the terms from electroweak symmetry breaking, the boundary parameters play important roles here. They affect not only the overlap integrals 
1 and A
2 . The contours were made assuming R −1 = 1 TeV, and they show the mass dependence on the boundary terms r B and r W . Right: The level 1 KK Weinberg angle sin 2 θ
(1)
r B ) increases, the corresponding electroweak gauge boson becomes lighter. Thus the actual composition of the lightest mass eigenstate sensitively depends on the boundary parameters.
In the right panel of Fig. 1 we present the level 1 KK Weinberg angle sin 2 θ
W as a function of r W /r B for R −1 = 1 TeV assuming r B /L = 0.5.
We may classify the whole parameter space by three distinctive regions: A notable feature here is that the Weinberg angle is almost always θ (1) ≈ 0 or π/2 except the region of degenerate r W /r B ≈ 1 where the transition takes place (see Fig. 1 .) This feature is easily understood as the off-diagonal entries are relatively small ( ∼ < O(v 2 )) compared to the diagonal entries (∼ O(1/R 2 )) so that a small difference in r B and r W easily induce an abrupt transition of the LKP from W 
W , is depicted in Fig. 2 (right) . We can still observe the similar sharp transition near r W /r B ≈ 1 as is expected from the similar underlying physics in the case for the level 1 EW bosons. We will discuss the detailed phenomenological implications in Sec. 3.2.
Coupling between KK bosons and fermions
The couplings between KK gauge bosons and fermions are determined by a product of the corresponding SM coupling and the wave function overlap integral of the interacting particles (A ( ) − ψ (m) − ψ (n) ): where g A denotes g 1 or g 2 , N A 0 is normalization factor andF are the normalized overlap integrals in Eq. (2.18), which essentially describe the relative strength of the coupling constant with respect to the SM one. All KK number conserving interactions satisfy a 'sum-rule' | ± m ± n| = 0. However, there are KK number violating interactions which only satisfy the rule from the KK parity conservation: + m + n ∈ Z even .
Among those couplings, we are first interested in the KK number conserving interactions e.g., A (1) ψ
(1) ψ (0) . This interaction is particularly important in dark matter physics since the dark matter is identified as a level 1 EW gauge boson and it interacts with the SM fermion and its first KK excitation mode with the effective coupling constant
In Fig. 3 (left) we plot the effective couplings g B (1) ψ (1) ψ (0) and g W (1) ψ (1) ψ (0) with respect to the SM gauge couplings varying BLKT parameters r B and r W in the parameter range (0, L). The (110) couplings are reduced when the BLKTs get large.
There are also KK number violating but KK-parity conserving interactions induced by the couplings, e.g. : 27) which are absent (at tree level) when the boundary terms vanish. The non-vanishing couplings could be probed by the precision electroweak precision measurements and collider experiments: the even mode KK bosons mediate four fermion interactions via t-channel as well as s-channel diagrams. The induced four Fermi operators are subject to the on-going and future precision measurements. More directly, when BLKTs are sizable, the second level KK gauge bosons are to be produced in high energy collisions with sizable cross sections and they may appear as new heavy Z -like resonances at the LHC. This is subject to resonance searches.
Before studying the phenomenological implications of BLKTs we wish to comment on the parameter choice in our scenario discussed here, as compared to the minimal UED scenario. In MUED, all boundary terms are assumed to be identical to zero at a cutoff scale Λ: r W/B (µ = Λ) = 0 and induced at low scale through renormalization group (RG) running from Λ [8] .
On the other hand, in the scenario we study in this article, we explicitly consider BLKTs as parameters at low scale, such as the first KK mode resonance scale, i.e., r W/B = r W/B (µ = k W/B 1 ) for DM phenomenology, such that we can directly compare our analysis with the low energy observables. As we are mostly interested in the lightest KK electroweak gauge bosons as a DM candidate in our study, we only consider the effects of r W/B but one may straightforwardly generalize our study by taking the non-vanishing BLKTs for fermions or the Higgs fields, which we reserve for the future.
Bounds from contact interactions and resonance searches
In this section we consider experimental constraints on the BLKTs using electroweak precision data, namely from four Fermi-operators as well as results from resonance searches at the LHC.
4-Fermi interactions
Electroweak precision tests (EWPT) provide stringent constraints on low scale KK masses [58] [59] [60] . In the presence of BLKTs, in particular, the KK electroweak (EW) gauge bosons would have tree level couplings with the SM fermions through KK-number violating but KKparity conserving couplings so that they contribute to the four Fermi contact operators below the KK scale [61, 62] . It is convenient to parameterize the four Fermi operators following Ref. [63] :
where f 1,2 are fermions (leptons or quarks), η s f 1f 2,AB = ±1 and s = ± are parameters for specific interaction patterns. The effective cutoff scale is given as 4π Λ 2 eq,AB
The effective couplings are weighted by the factorF A 2n00 which is the integrated wave function overlaps from A (2n) ψ (0) ψ (0) couplings in Eq. (2.27) with a color factor N c = 3. The quantum numbers Y 's and T 's are the hypercharges and isospins of the interacting fermions (electron and quarks) and we take the one-loop improved values Equipped with the effective parameterization of four Fermi operators, we are now ready to compare with the experimental results. We take the updated results in PDG 2016 [62] as the reference values of experimental bounds. We summarize the relevant results in Table 1 . The most stringent bound arises from the e L e L q L q L interaction. Fig. 4 shows the bounds on R −1 in the (r W /L, r B /L) plane. The most important ones are the results from eeuu and eedd. We draw the contours for various values of R −1 ∈ (500, 3000) GeV (left) and the LKP mass, m LKP ∈ (500, 1500) GeV (right). The region above the line with a given R −1 (or m LKP ) is ruled out (thus the region below the line is allowed) because the effective couplings are too large. As expected, a larger parameter space is allowed for a large R −1 (and m LKP ) because of large suppression factors (∼ 1/m 2 LKP ) in the effective operators. We notice that the bounds are more sensitive to the boundary parameter r W rather than r B mainly due to the large weak coupling compared to the hypercharge coupling. For example, above m LKP ≈ 700 (1100) GeV, essentially no stringent bound is found on r B /L but only a restricted region r W /L ∼ < 0.3 − 0.4 (0.6 − 0.8) is allowed.
Dilepton resonance searches
The resonance searches at colliders are an effective way of probing BLKTs since the KK number violating interactions, e.g., g A (2) ψ (0) ψ (0) in Eq. (2.27), allow the single production of the second KK gauge bosons at particle collisions. When the 2nd EW gauge bosons are produced in high energy collisions, they decay to the SM particles which can be observed as a resonance. The production cross sections and the decay widths are all determined by the KK number violating couplings in Eq. (2.27). Here we focus in particular on dilepton resonances because the Standard Model background is very low and the expected production cross sections are sizable. The dijet final state has a larger cross section in NMUED, but it is accompanied by a huge QCD background. To determine the relevant couplings for mass eigenstates A
1,2 to the standard model fermions, we need to diagonalize the mass matrix in Eq. (2.22). The mass matrix at the second KK mode level reads follow from the mass quantization condition in Eq. (2.14). Wave function overlaps for A(A ) = B or W defined in Eq. (2.19) arẽ
For A = A , the second term in the square parenthesis becomes 1:
The mass matrix is diagonalized by a rotation by an angle θ (2) W , the weak rotation angle for the 2nd level KK gauge bosons:
(3.8)
Interaction of the mass eigenstates and zero mode fermions are obtained from interaction of gauge eigenstates (W (2) ±,3 and B (2) ), which follows from the covariant derivative,
The ATLAS and CMS collaborations have searched for heavy narrow dilepton resonances at 13 TeV with 13.3 fb −1 (ATLAS) [64] and 13.0 fb −1 (CMS) [65] data, respectively. The experimental bounds are set in the combination of the production cross section of the heavy resonance particle and the branching fraction to dileptons, σ × BR( ). The bounds are similar in both experiments. Here we use the ATLAS results, which are based on a slightly larger set of data. Since the relevant production cross sections and the branching fractions are given by three parameters r B /L, r W /L and R −1 , we find the allowed parameter space in (r B /L, r W /L) for various values of R −1 . In the left panel of Fig. 5 we show the ATLAS upper limit on σ × BR in the mass range (1000, 5000) GeV and the expectations for the lighter level-2 KK gauge boson A Fig. 5 and Fig. 4 , the LHC bound from the dilepton search is by far more stringent than the results from four-Fermi contact interactions. For the calculation of signal cross sections at leading order (pp → A → ), we have used CalcHEP [66] and MG5 aMC@NLO [67] with masses and couplings defined above.
While a dedicated study with double narrow resonance may provide more stringent bounds, we include the lighter level-2 KK gauge boson, A (2) 1 , in our analysis, since current ATLAS/CMS analysis assumes a single resonance in the dilepton channel. We assume 
2 .
Phenomenology of electroweak KK DM
Conventionally the KK photon has been regarded as a dark matter candidate in the literature.
Here we focus on an LKP formed from a mixture of the first KK excitation of the hypercharge gauge boson and the neutral component of the SU(2) W gauge boson. We have illustrated that when BLKTs are involved, mixing can show interesting features. In this section, we examine the phenomenology of the mixed LKP, dubbed as electroweak KK dark matter, while considering existing bounds on the BLKTs as discussed in the previous sections.
Relic abundance
In section 2, we investigated the mass spectra and couplings of the KK electroweak gauge bosons in the presence of BLKTs. The masses, couplings and mixing angles sensitively depend on the BLKT parameters r B and r W . Therefore the annihilation cross-sections and the relic density (∼ 1/ σv ) are affected as well. The relevant interactions are
where A collectively stands for the mass eigenstate of the KK electroweak gauge boson A 1 or A 2 . As it is clearly seen in the left panel of Fig. 3 , the couplings monotonically decrease as a function of BLKT parameters. We compute the relevant couplings and identify DM candidate from the mass eigenstates, and then rescale MUED couplings for annihilation cross sections in Ref. [20] . KK fermions and KK Higgs masses are set to
SM , since we include no boundary terms for them. For r W ∼ r B , A Our results are shown in Fig. 6 as a function of the DM mass for various values of (r B /L, r W /L). The red curve presents the relic density of the conventional DM candidate in MUED, which is the hypercharge gauge boson [9, 42] . In this case, the dominant annihilation final states are SM fermions with a small contribution from the Higgs-Higgs final state. With 1-loop corrected mass spectrum, the Weinberg angle at level-1 is very small and therefore there is no gauge boson final state [8] . We find the MUED results are reproduced with (r B /L, r W /L) = (0.1, 0.03) which is shown as the pink dashed line. 8 The blue solid line shows a parameter choice which yields the maximum allowed value of the DM mass around 2.4 TeV. We indicate the observed relic abundance Ωh 2 from the Planck collaboration [1] in the green band.
Since the KK mixing angle changes rapidly in the vicinity of the line along |r B −r W | = 0 as can be seen in Fig. 1 , the DM phenomenology is strongly altered when crossing this parameter region. For r W > r B , the main component of the LKP A (1) 1 becomes W (1) 3 . Since the SU (2) coupling is stronger than the U(1) Y , the annihilation cross section in this regime becomes greater than the value for the B (1) -like LKP, which implies that the observed relic density is reproduced at a much larger LKP mass. That is the reason why we get smaller LKP mass for (r B /L, r W /L) = (0.2, 0) shown in the orange line in Fig. 6 . However, if r W /L is further increased, the size of effective gauge coupling becomes smaller and the LKP mass has to be reduced to compensate the effect. We find that the allowed upper limit on the LKP mass gets larger up to a critical point r W /L = 0.02 and then drops down for a larger r W /L. This feature is shown as blue solid line and blue dashed line in Fig. 6 . The maximally allowed mass of the electroweak gauge boson LKP is about 2.4 TeV, which is significantly higher than the "naive" MUED value of 0.9 TeV for the KK photon LKP in MUED [42] . has a mass only slightly higher than the LKP and its contribution to the coannihilation is important, and is fully taken into account in our analysis. In passing, we would mention the potential enhancement of the annihilation cross section through the resonance of the 2nd KK excitation modes. It has been shown in MUED that 2nd KK resonance effects can greatly enhance the annihilation cross section so that the LKP mass could be as high as ∼ 1.3 TeV [23] . However, the resonance effect becomes important only when the second KK mode masses (m 2nd ) are very close to twice the mass of the first KK mode (m 1st ). This relation between the first and second KK mode masses is satisfied in UED in the absence of boundary terms, but, as can be seen when comparing Figs. 1 (left) and 2 (left), in the presence of BLKTs, the second KK resonance is becoming heavier than twice the first KK resonance.
In Fig. 7 we show the parameter space for various values of R −1 ∈ (1.0, 2.4) TeV, which is allowed by dilepton resonance searches (for A (2) 1,2 ) and at the same time yields a relic density of Ω DM h 2 < 0.12 for the dark matter candidate A 1 does yield more than the observed DM. The bounds from LHC and from the dark matter relic density are complementary because a large BLKT induces a weak interaction strength thus a small annihilation cross section and a large relic abundance for a given R −1 but the resonance search result gives a weaker bound on (r B /L, r W /L) plane for a larger R −1 . Thus from LHC searches, more parameter space in the (r B /L, r W /L) plane is allowed for larger values R −1 TeV, but the allowed parameter space shrinks back with a larger value of R −1 due to the relic density be zeroes as (rB/L, rW /L)| cut−off = (0, 0) at the cut-off scale. After the renormalization group evolution, the non-zero boundary parameters are radiatively generated at the electroweak (EW) scale. Note again that we set the boundary parameter (rB/L, rW /L) at the electroweak scale in this article unless it is notified differently. constraints. For example for R −1 = 2.4 TeV (the sky blue region in Fig. 7 ) only small r W /L and very small r B /L are allowed by the combined bound. Before coming to direct and indirect detection of DM, a comment is in order. In the determination of the relic density presented in this section, we fully considered perturbative contributions to the annihilation and co-annihilation processes. Beyond the scope of this paper, non-perturbative effect may be also important 9 and deserves further investigation [69] [70] [71] [72] . We would reserve the further study for the future.
Direct and indirect detection of EW KK DM
Despite many ongoing searches with DM direct detection experiments, no firm signals of dark matter have been observed yet [73] [74] [75] , and these experiments have set bounds on the scattering cross-section of dark matter. The elastic scattering of KK DM and nucleon is mediated by exchange of KK quark and the SM Higgs as shown in Fig. 8 . The spin independent (SI) scattering cross-section is given as
4)
9 Sommerfeld effect can lead a reduction of the relic density of up to 50% for a wino mass below ∼ 2 TeV in a supersymmetric model [68] . The effect can be even more significant for heavier cases. where M T is the target nucleus mass, Z and A are the atomic number and atomic mass of the target respectively. The elastic scattering form factor for the nucleon is given by
where M p/n is the mass of the proton(neutron) and M q is the light quark mass. We adopt the nucleon matrix elements from Ref. [76] in our analysis. The dominant contribution to the nucleon form factors is from light quarks, whereas the heavier quarks (c, b, t) contribute through the gluon form factor, given as f
but the effects are suppressed [77] . The β q encapsulates the contributions from the left and right handed KK quarks as depicted in Fig. 8 (a) and (b) and γ q from the Higgs (Fig. 8 (c) ):
where M h 125GeV is the SM Higgs mass. 
, where we used the approximate relation M q (1) ≈ 1/R. The spin-dependent cross-section is given by
with α q and λ q given as
where ∆ p/n q is the fraction of the nucleon spin carried by the quark, for which we use the values from Ref. [76] . The ratio S p/n /J N is the fraction of the total nuclear spin carried by the spin of the nucleon, J N being the total nuclear spin. Direct detection experiments commonly present their constraints in terms of effective WIMP-nucleon cross sections for which λ q reduces to ∆ p/n q . In Fig. 9 we show the spin independent scattering cross section within the parameter space, which is fully compatible with the currently available experimental results from EWPT, KK resonance searches and the right relic abundance of DM. The expected cross sections are represented in the regional plots with different colors corresponding to a given value of R −1 : 1 TeV (red), 1.3 TeV (blue), 1.5 TeV (yellow), 1.8 TeV (green) and 2.4 TeV (sky blue) from left to the right. The expectations are compared with the limit on the spin independent dark matter-proton scattering cross-section from the latest LUX result [74] and also from the PandaX-II result [75] . Current experiments are not quite sensitive enough to probe DM masses above 1 TeV. We also present the projected sensitivity limit from LUX-Zeplin (LZ), 3×10 −48 cm 2 , which is based on the estimation of a 3 year run with 6000 kg fiducial mass [73] . It is encouraging to notice that the future LZ sensitivity region would cover the full parameter space for R −1 ≤ 1 TeV and also quite large portions of the parameter spaces for heavier DM above 1.3 TeV.
In Fig. 10 , we present the remaining parameter space after taking the complementary constraints from the collider search and also the relic abundance calculation for R −1 = 1.3, 1.5, 1.8 and 2.4 TeV, respectively. The expected coverage of the 3 year run at LZ is shaded by grey. It is clear that LZ can probe almost entire parameter space which is compatible with current experiments. Thus, the DM direct detection experiments will play important complementary roles to the LHC searches and future EWPT experiments in the search of KK DM. [74] (dark blue and black) and PandaX-II [75] (dark green). The expected sensitivity of LZ (orange) is found in Ref. [73] . The LZ projected sensitivity would cover the entire remaining parameter space for R −1 = 1 TeV. A large part of the parameter space in (r B /L, r W /L) is within the testable range for a larger value of R −1 , too.
Finally, we comment on indirect signals of electroweak KK DM. First, the mass of KK DM (which is likely to be heavier than 1 TeV or even higher but still less than 2.4 TeV) is rather high compared to the range of energies ∼ < a few×O(100) GeV considered in the recent Gammaray studies of Dwarf galaxies and of the milky way galactic center [78] . Other cosmic ray measurements could in principle provide constraints on heavier masses but these observations currently involve large astrophysical uncertainties [79, 80] . We have noticed several studies in this line: Refs. [81] [82] [83] [84] study photon lines (and continuous photon background) from UED models, partially with B (1) , partially with Z DM. However, the expected fluxes of the product particles into cosmic ray signals is highly dependent on the existence of boost factor, e.g. by Sommerfeld enhancement. 10 We reserve a dedicated study of the Sommerfeld enhancement for indirect detection in the context of UED models for the future and do not include indirect bounds into the bounds presented in Fig. 10 . 10 In the heavy mass regime mLKP ∼ > 1000 TeV, an enhancement of O(100) would be required to imply any bounds. See e.g. [24] . 
Summary and discussion
Bulk masses and boundary-localized kinetic terms in models with Universal Extra Dimensions significantly change the phenomenological properties of the Kaluza-Klein dark matter. A linear combination of KK weak boson and KK hypercharge gauge boson forms the lightest Kaluza-Klein particle (LKP), which we call electroweak Kaluza-Klein dark matter. Depending on the parameter choice, the electroweak Kaluza-Klein dark matter may be mainly KK Zboson like or KK photon-like. In this paper, we perform all the detailed derivation of KK weak mixing angles with KK mass spectra and their couplings with the standard model particles taking brane localized kinetic terms for electroweak gauge bosons into account. We then compare our theoretical expectations with the existing experiments ranging from electroweak precision tests, LHC resonance searches as well as dark matter direct detection experiments to determine the parameter space compatible with current observations. Within the setup we discussed (5D UED with BLKTs for electroweak gauge bosons) the identified upper limit on the KK dark matter mass is extended to 2.4 TeV, which is significantly heavier than the conventionally quoted value at 1.3 TeV in minimal UED models. The heavier regime above a TeV will be tested at future experiments including LUX Zeplin (LZ) as well as at future LHC resonance searches. Indirect dark matter searches can provide important constraints for W 3(1) -like DM, but for them to be relevant, a large boost factor is required. Sommerfeld enhancement could potentially provide such a boost factor, and it could also have a (weaker) effect on the W 3(1) relic density, but a quantitative study of the non-perturbative effect including Sommerfeld effect is reserved for the future.
Finally, we would emphasize that the boundary terms for fermions (and their bulk masses), the Higgs, and also gluon would provide interesting collider phenomenology, which is not considered in this study. Including these terms is an interesting task for the future.
